Several lines of evidence have demonstrated that acute administration of ketamine elicits fast-acting antidepressant effects. Moreover, tramadol also has potential antidepressant effects. The aim of this study was to investigate the effects of pretreatment with tramadol on ketamine-induced antidepressant activity and was to determine the expression of mammalian target of rapamycin (mTOR) in rat hippocampus and prefrontal cortex. Rats were intraperitoneally administrated with ketamine at the dose of 10 mg/kg or saline 1 h before the second episode of the forced swimming test (FST). Tramadol or saline was intraperitoneally pretreated 30 min before the former administration of ketamine or saline. The locomotor activity and the immobility time of FST were both measured. After that, rats were sacrificed to determine the expression of mTOR in hippocampus and prefrontal cortex. Tramadol at the dose of 5 mg/kg administrated alone did not elicit the antidepressant effects. More importantly, pretreatment with tramadol enhanced the ketamine-induced antidepressant effects and upregulated the expression of mTOR in rat hippocampus and prefrontal cortex. Pretreatment with tramadol enhances the ketamine-induced antidepressant effects, which is associated with the increased expression of mTOR in rat hippocampus and prefrontal cortex.
Introduction
Mounting studies have demonstrated that ketamine, a widely used anesthetic agent, has antidepressant effects in animal models or patients [1] [2] [3] [4] . Compared with conventional antidepressant agents, ketamine exerts fast-acting antidepressant effects within 1-2 h after administration. Moreover, ketamine also has therapeutic effects for patients with treatment-resistant depression [1, [5] [6] [7] [8] [9] .
Mammalian target of rapamycin (mTOR) is a serine/ threonine kinase that modulates the initiation of protein translation, which controls new protein synthesis as required for synaptogenesis [10] . Mounting studies have shown that mTOR plays a critical role in the process of ketamineexerting antidepressant effects [10, 11] . A recent study has indicated that ketamine's antidepressant effects are associated with the upregulation of mTOR in prefrontal cortex [12] , which is confirmed by a subsequent case report with an increase of mTOR in the peripheral blood in a depressed patient [13] . Moreover, Jernigan et al. [14] have detected decreased mTOR expression in depressed patients' brain in the postmortem study. These findings indicate that mTOR acts as a crticical role in the pathogenesis of depression.
On the other hand, tramadol is a widely used analgesic agent, which exerts therapeutic effects via activation of opioid receptors and elevating the plasma levels of serotonin and norepinephrine [15] . As we know, the most prescribed conventional antidepressant agents produce their efficacy also through increasing the monoamine levels, which share the identical mechanisms as tramadol. From this point of view, we thus suggested that tramadol also has potential to exert antidepressant effects.
However, there is no information available at present regarding the effects of pretreatment with tramadol on the ketamine-induced antidepressant activity. Therefore, this study aimed to evaluate the effects of tramadol pretreatment on ketamine-induced antidepressant activity and to determine the expression of mTOR in rat hippocampus and prefrontal cortex.
Materials and Methods

Animals.
Eighty-six male Wistar rats weighing 180-220 g were purchased from Shanghai Animal Center, Shanghai, China. The rats were housed 5 per cage with food and water available ad libitum and were maintained on a 12 h light/dark cycle (lights on at 7:00 am). Animals were involved in this experiment in accordance with the Guide for Care and Use of Laboratory Animals of National Institutes of Health.
Drugs and Treatment. Ketamine was obtained from
Gutian Pharmaceutical Company (Fujian, China). Tramadol was purchased from Grunenthal GmbH (Germany). One day before drug pretreatment, rats were involved in the FST for 15 min as pretest session. At the day of drug pretreatment, rats were intraperitoneally injected with tramadol at the dose of 5 mg/kg or saline, respectively. Thirty minutes later, rats were intraperitoneally injected with ketamine at the dose of 10 mg/kg or saline 1 h before the second episode of the FST, respectively. Another 30 min later, FST was conducted for 5 min as test session, and the immobility time was recorded. All the interventions were administrated in the same volume of 1 mL.
Open-Field
Tests. Locomotor activity of rats was evaluated by using open-field tests, which were performed during light phase of the light-dark cycle. The open-field consisted of an arena of 100 × 100 cm square floor surrounded by 30 cm high wall. The floor of the arena was divided into 25 equal squares. Thirty minutes later after the drug or saline intervention, rats were placed in the center of the square, and the numbers of crossings and rearings were subsequently recorded [16] .
Forced Swimming Test (FST).
The FST included two separate exposures to a cylindrical tank with water in which rats cannot touch the bottom of the tank. The volume of the tank was 60 cm tall, 30 cm in diameter, and was filled with water in a depth of 40 cm. All the procedures were conducted between 9:00-15:00. Rats were placed in the water for 15 min without any administration. Twenty-four hours later, rats were treated as the first episode lasting 5 min, and the immobility time of rats was recorded. Rats were intraperitoneally administrated with intervents in the same volume at 30 min before the second episode of the FST. Each rat was judged to be immobile when it ceased struggling and remained floating motionless in the water, making only those movements necessary to keep its head above water. Immobility time was recorded by the same observer. Water in the tank was changed after the test of every rat.
Western Blotting.
Immediately after the FST, the rats were sacrificed by decapitation, and the hippocampus and prefrontal cortex were rapidly dissected out on an ice-cold plate, frozen, and stored at −80
• C until used. Samples of homogenates (15 μg of protein) were subjected to SDS-PAGE under reducing conditions. Proteins were transferred onto PDVF membranes, and the stripped blots were kept blocking solution for 1 hr and incubated with the antiphospho mTOR Ser 2448 (1 : 2000, Cell Signaling) directed against total levels of the mTOR (1 : 2000, Cell Signaling) for loading control. Densitometric analysis of immunoreactivity for each protein was conducted using Image J software.
Statistical Analysis. Statistical analysis was performed by Statistical Product for the Social Sciences (SPSS version 17.0). Data are expressed as mean ± standard deviation (SD).
Comparisons were made by one-way analysis of variance (ANOVA) and post hoc comparisons were performed by the least significant difference tests. Differences were considered to be significant at P < 0.05.
Results
Different doses of tramadol were intraperitoneally injected to investigate its antidepressant effects. Rats showed a significant decrease in the immobility time during the FST after the administration of tramadol at the dose of 10 mg/kg ( Figure 1 , P < 0.05). However, tramadol at the doses of 2.5 and 5 mg/kg both did not elicit any changes of the immobility time as compared with saline-treated rats (Figure 1 , P > 0.05).
Before the FST, open-field test was required to test whether locomotor activities were affected in the experimental rats. Compared with saline-treated rats, treatment with ketamine at the dose of 10 mg/kg did not induce any significant changes of crossings and rearings of rats in the open-field test (Figure 2(a) , P > 0.05). Moreover, tramadol pretreatment also did not change the crossings and rearings of ketamine-treated rats as compared with saline ( Figure 2(b) , P > 0.05).
Ketamine-treated rats showed a significant decrease in immobility time during the FST as compared with saline ( Figure 3 , P < 0.05), and pretreatment with tramadol at the dose of 5 mg/kg further decreased immobility time of rats in the FST as compared with ketamine-treated alone (Figure 3 , P < 0.05).
Compared with saline-treated rats, the administration of ketamine at the dose of 10 mg/kg significantly increased the levels of mTOR in rat hippocampus (Figure 4 , P < 0.05), and pretreatment with tramadol at the dose of 5 mg/kg increased the levels of mTOR as compared with ketamine-treated rats (Figure 4 , P < 0.05).
Compared with saline-treated rats, the administration of ketamine at the dose of 10 mg/kg significantly increased The expression of p-mTOR in rat hippocampus (n = 3). Ketamine administered at the 10 mg/kg significantly increased the expression of p-mTOR in rat hippocampus as compared with control ( * P < 0.05), and tramadol pretreated at the dose of 5 mg/kg significantly increased the expression of p-mTOR as compared with ketamine administered alone ( # P < 0.05). The expression of p-mTOR in rat prefrontal cortex (n = 3). Ketamine administered at the 10 mg/kg significantly increased the expression of p-mTOR in rat prefrontal cortex as compared with control ( * P < 0.05), and tramadol pretreated at the dose of 5 mg/kg significantly increased the expression of p-mTOR as compared with ketamine administered alone ( # P < 0.05).
the levels of mTOR in rat prefrontal cortex ( Figure 5 , P < 0.05), and pretreatment with tramadol at the dose of 5 mg/kg increased the levels of mTOR in rat prefrontal cortex as compared with ketamine-treated rats ( Figure 5 , P < 0.05).
Discussion
The FST is a widely used behavioral test in rodents, which is sensitive and selective for clinically effective antidepressant agents [17] . In this study, the results showed that ketamine significantly decreased the immobility time of rats during the FST, suggesting that ketamine has exact antidepressant effects. More importantly, this study demonstrated that tramadol administrated alone at the dose of 10 mg/kg could elicit significant decrease in immobility time of rats during the FST, and our findings also showed that tramadol under the dose of 10 mg/kg did not induce a significant change of immobility time. Therefore, we administrated tramadol at the dose of 5 mg/kg in this study to avoid its potential antidepressant effects. Interestingly, although administration of tramadol at the dose of 5 mg/kg could not elicit any antidepressant effects, pretreatment with it could enhance ketamine-indued antidepressant effects. However, the exact mechanisms of pretreatment with tramadol-enhancing ketamine-induced antidepressant effects are unclear.
A previous study shows that ketamine suppresses the serotonin transporter and norepinephrine transporter in cultured human embryonic kidney 293 cells [18] . Moreover, Reeves and Burke [19] demonstrated that the increase of serotonin and norepinephrine neurotransmitter is the core mechanism of tramadol exerting its efficacy. Thus ketamine and tramadol may have synergistic effects to elevate the serotonin and norepinephrine levels in central nervous system, which then lead to the enhanced antidepressant effects.
Wang et al. [20] have shown that propofol, an anesthetic agent, administered alone does not elicit antidepressant effects, but may enhance ketamine-induced antidepressant effects. Réus et al. [21] have observed that the coadministration of ketamine and imipramine produces the enhanced antidepressant effects, and the authors attribute the underlying mechanisms of enhanced ketamine-induced antidepressant effects to the increased expression of glutamate-α-amino -3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor-1 in rat hippocampus, cyclic adenosine monophosphate response element-binding and brain-derived neurotrophic factor protein levels, and protein kinase C and protein kinase A phosphorylation in rat brain, respectively. Interestingly, our study showed that pretreatment with tramadolenhancing ketamine-induced antidepressant effects was associated with the increased expression of mTOR in rat hippocampus and prefrontal cortex.
As above mentioned, ketamine's antidepressant effects are mainly due to the upregulation of mTOR in rat prefrontal cortex, and the activation of mTOR can stimulate the synaptogenesis [12] . The induction of mTOR signaling occurs within 30 min after ketamine administration [10] . Collectively, these findings suggest that ketamine's antidepressant effects are associated with mTOR-dependent synaptogenesis in rat prefrontal cortex. Our findings exhibited an enhanced expression of mTOR in rat hippocampus and prefrontal cortex after pretreatment with tramadol. Until now, no data has shown that tramadol has effects on the expression of mTOR or synaptogenesis. So we supposed that tramadol has effects on stimulation of synaptogenesis via activating mTOR, which may contribute to the underlying mechanism of tramadol-enhancing ketamine-induced antidepressant effects.
In Conclusion, Ketamine exerts exactly antidepressant effects in rats during the FST, and tramadol pretreatment enhances its antidepressant effects. The relevant mechanisms are potentially ascribed to the activation of mTOR in rat hippocampus and prefrontal cortex. However, we did not evaluate whether tramadol-pretreatment-enhancing ketamineinduced antidepressant effects are related to synaptogenesis in rat hippocampus, and further studies are needed to understand the exact relevant mechanisms.
